The posttranscriptional regulator (rex) of human T-cell leukemia virus type I is known to be located predominantly in the cell nucleolus and to induce the accumulation of gag and env viral mRNAs. The N-terminal 19 amino acids of rex-encoded protein (Rex) has been shown to be sufficient to direct hybrid proteins to the cell nucleolus. We have studied the function of the nucleolar targeting signal (NOS) of rex by using full-length proviral DNA and mutant rex expression plasmids. 
Retroviral mRNA processing is quite different from that of eukaryotic mRNAs. The splicing of most cellular mRNAs is completed in the nucleoplasm. In contrast, a certain population of the retroviral mRNAs is transported to the cytoplasm as unspliced RNA, which serves either as mRNA for gag and pol gene products or as progeny genomes, or as partially spliced RNA, which serves as mRNA for the env gene. Since retroviruses must use the splicing machinery of the host cells in the nucleoplasm, a regulatory system within retroviruses is required to control the balance of spliced and unspliced viral mRNAs. There are three possible mechanisms. (i) The 5' and 3' splice sites may be recognized inefficiently by splicing factors. (ii) The cis-acting sequences in the viral genome may interact with host proteins to limit the amount of spliced RNA. ( iii) The viral proteins may be involved in regulating their own mRNA splicing. In the case of human T-cell leukemia virus type I (HTLV-I) (1, 2) , Rex has a crucial role in this regulation. Rex is required to accumulate unspliced and partially spliced cytoplasmic mRNAs of viral structural proteins at the expense of the fully spliced pX mRNA (3) (4) (5) , although the mechanism of the accumulation of unspliced cytoplasmic viral mRNAs has not been clarified.
Recently, we have reported that Rex is located predominantly in the nucleolus and we identified a highly basic N-terminal sequence (Met-Pro-Lys-Thr-Arg-Arg-ArgPro-Arg-Arg-Ser-Gln-Arg-Lys-Arg-Pro-Pro-Thr-Pro) in Rex as a nucleolar targeting signal (NOS) (6) . It is tempting to hypothesize that the nucleolus is involved in the export of unspliced mRNA. The transport of nucleolar material toward the cytoplasm is suggested by the proximity of the nucleoli to the nuclear envelope (7) . The idea that the nucleolus may be involved in transport from the nucleus to the cytoplasm, not only of the RNA made in the nucleolus, but also of the RNA made in nucleoplasm, was proposed by Harris and colleagues in 1969, based on their experiments in which reactivation of chicken erythrocyte nucleus in the heterokaryon or inactivation of the nucleolus in HeLa cells was carried out (8) (9) (10) . However, the absence of proper simple biological systems has prevented their interesting data from being corroborated.
Here we report the functional importance of NOS in the accumulation of unspliced or singly spliced cytoplasmic viral mRNAs in HTLV-I.
MATERIALS AND METHODS
Cells. COS-7 cells were grown at 370C in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum.
Construction of Full-Length HTLV-I Provirus Lacking the Initiation Codon of rex. A 6.5-kilobase (kb) fragment of AHTLVIC (11) from the HindIll site at nucleotide (nt) 3028 (12) to the 3' cellular flanking EcoRI site was subcloned into pUC119 DNA. This plasmid was digested with Sph I, followed by T4 DNA polymerase treatment, and was then self-ligated. The resultant plasmid is devoid of the ATG triplet of rex. A 6.5-kb HindIII/EcoRI fragment of this plasmid was isolated and ligated with a 3.5-kb EcoRI (5' cellular)/HindIII (nt 3028) fragment derived from AHTLVIC. The ligated DNA was digested with EcoRI, and then the 10-kb fragment was isolated and inserted into the AgtWESAB phage DNA.
Construction of pX cDNA Expression Vectors. A 1.1-kb BamHI (nt 5095)/Sma I (nt 8308) fragment ofpX cDNA from pHA27X (6) was inserted in the same sites of pKCROHS (13) and designated as pKCR27+40X. Deletion mutants were constructed as follows: an Sph I/Nco I fragment composed of synthetic oligonucleotides (6) was inserted into pHA27X, which had been digested with Sph I and Nco I. The BamHI (nt 5095)/Sma I (nt 8308) fragment of this resultant plasmid was inserted into the same sites of pKCROHS. Those plasmids have amino acid residues 8-18, 12-18, and 2-7 deleted from the NOS sequence, designated as pKCRdNOS1, pKCRdNOS2, and pKCRdNOS3, respectively. pKCR21X was constructed by inserting a Bal I fragment (nt 7437-8091) of AHTLVIC into the HindIII site of pKCRH2 (14) by using HindIII linkers. This plasmid does not contain the 3' long terminal repeat (LTR).
Immunofluorescence. COS-7 cells grown on glass coverslips were fixed 40 hr after transfection, permeabilized, incubated with both anti-Rex antibody and serum from a patient with progressive systemic sclerosis as anti-nucleolus antibody (6) , and doubly stained with both fluorescein isoAbbreviations: HTLV-I, human T-cell leukemia virus type I; NOS, nucleolar targeting signal; LTR, long terminal repeat; CAT, chloramphenicol acetyltransferase; nt, nucleotide(s). *To whom reprint requests should be addressed.
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thiocyanate and tetramethylrhodamine isothiocyanate as described (6) .
Immunoprecipitation Analysis of the Products ofpX Expression Vectors. COS-7 cells (1.3 x 105) were plated in 6-cm culture dishes 1 day before transfections. Plasmid DNAs were introduced into the cells by the calcium phosphate method (15) . Cells were incubated with DNAs for 5 hr, followed by a glycerol shock and replacement with fresh medium. Forty hours later, cells were metabolically labeled with [35S]cysteine for 8.5 hr. Whole cell extracts were prepared with special RIPA buffer (50 mM Tris'HCl, pH 7.5/0.15 M NaCI/4 mM EDTA/1% Nonidet P-40/0.1% sodium deoxycholate/10 mM Na4P207/10 mM NaF/2 mM NaVO3/1 mM phenylmethylsulfonyl fluoride); pX-encoded proteins were isolated by immunoprecipitation using the IgG fraction of antiserum against the C terminus of Rex from equivalent amounts of 35S-labeled cell extracts, then subjected to SDS/ 12.5% polyacrylamide gel electrophoresis, and fluorographed. The phosphorylation of Rex and its mutants in COS-7 cells was also analyzed by 32p; metabolic labeling (16) Assay for Chloramphenicol Acetyltransferase (CAT) Activity. Transfection of plasmid DNAs into the COS-7 cells was performed as described above. pHLC1 (11) , which contains the HTLV-I LTR linked to the bacterial CAT gene, and pSPLB15 (17) , which consists of 5'-LTR-CAT-3' U3R of HTLV-I, were used as reporter plasmids. After 64 hr, cells were harvested and the CAT assay was carried out as described (18) . Analysis of RNA. COS-7 cells (6 x 105) were seeded on 10-cm plates and transfected the next day with 50 pug of EcoRI-digested provirus DNA cloned in A phage and/or with 5 ,ug of the pX expression plasmid (3.5 ,ug in the case of pKCR21X). After 40 hr, cells were harvested with EDTA and cytoplasmic RNA was extracted with vanadyl ribonucleoside complexes by the proteinase K method (19) followed by DNase I treatment. Whole RNA was denatured with 2 M formaldehyde, electrophoresed on a 1% agarose gel containing 6% formaldehyde, and blotted onto a nylon membrane using 20x SSC (lx SSC is 150 mM NaCl/15 mM sodium citrate). Blots were hybridized with a 32P-radiolabeled DNA probe at 420C in a buffer containing 50% formamide and 5 x SSC. The filter was finally washed in 0.1 x SSC/0.5% SDS at 50'C. The probes used were BamHI/Xho I fragment (nt 6100-6497) for the env sequence, and Pst I/Cla I fragment (nt 6731-7474) for the pX sequence. methionine for Rex and at the fourth methionine for p21, resulting in a deletion of 78 N-terminal amino acids in p21 compared with Rex (189 amino acids). Tax is translated in ORFIV from the second ATG codon of pX mRNA. pKCR27+40X (Fig. 1B) of nucleolar staining with anti-Rex antibody 18 hr after transfection followed by almost no staining at 42 and 66 hr (data not shown). In contrast to the HTLV-I provirus (5), pKCR27+40X, which has the 5' splice site of the P-globin intron sequence and the 3' LTR, is not self-regulated of its own expression by Rex. This conclusion was further supported by RNA analysis of transfected COS-7 cells, which disclosed no unspliced pX RNA containing the 646 base pairs of the f3-globin intron sequence (see Fig. 5B Middle) .
Next, the expression vectors were examined for the intracellular locations of their products (Fig. 2) . Partial deletions of NOS abolished the nucleolar accumulation of these Rex mutant proteins but retained the nuclear locations. Virtually all stained cells in each transfection showed the same pattern of localization.
The amounts of Rex and its mutants in COS-7 cells were assessed by [35S]cysteine metabolic labeling followed by the immunoprecipitation analysis (Fig. 3A) using the antibody (6) directed against the C terminus of Rex. The higher expression level of Rex mutant proteins and p21 than that of protein encoded by pKCR27+40X may be the result of a higher efficiency of translation or decreased degradation of the mutant proteins due to their own structure, since transcription levels of these plasmids are almost identical (see Fig. SB Middle).
Rex and p21 are known to be phosphoproteins (25) . Phosphorylation of the products of these expression plasmids was confirmed by metabolic labeling with 32p; and immunoprecipitation analysis (Fig. 3B) . In spite of the high expression and proper phosphorylation of the products of the rex mutants, these proteins were not located in the nucleolus (Fig. 2) , suggesting that the loss of NOS function in the N-terminal sequence altered the subcellular localization of Rex. Decreased CAT Activity in rex Mutants When Reporter Plasmid Has Rex Acting Elements. Both the 5' and the 3' LTRs are known to be required for Rex-mediated accumulation of mRNA of the CAT gene, although the 5' LTR alone confers no response (26) . To examine NOS function, cotransfection experiments followed by CAT assay were performed by using the pHLC1 or pSPLB15 as a reporter plasmid. The rex mutant plasmids showed lower CAT activity than pKCR27+ 40X when monitored by pSPLB15 (LTR-CAT-U3R) (Fig.  4A) , while pKCR27+40X and its mutants showed almost the same activity of transcriptional trans-activation by Tax when monitored by pHLC1 (LTR-CAT) which does not respond to Rex (Fig. 4B) . These results indicate that NOS is essential for Rex function mediated by Rex cis-acting elements. Mandatory Requirement of NOS in rex for the Accumulation of the Viral gag and env mRNAs. To examine further the effect of NOS on the status of cytoplasmic viral mRNA, we performed Northern blot analysis of RNAs from COS-7 cells cotransfected with AHTLVICdATG and various pX expression vectors (Fig. 5) . AHTLVICdATG did not accumulate cytoplasmic gag mRNA, but it could when complemented with pKCR27+40X. In contrast, there was little or no accumulation of cytoplasmic gag or env mRNA when AHTLVICdATG was coexpressed with any of the three deletion mutants or with pKCR21X, demonstrating that the NOS sequence, or the nucleolar location of Rex is essential to regulate the viral RNA partition.
DISCUSSION
In the present study, the function of NOS in Rex was examined by assessing the effect of NOS-defective Rex mutants on the viral mRNA. In spite of the elevated level of translation products (Fig. 3A) , cotransfection experiments have revealed that partial deletions in NOS abolished the function of Rex with respect to the accumulation of unspliced viral mRNA (Fig. 5 ). This is due not to an indirect effect on the expression of Tax but rather to the qualitative change of Rex as shown in the results of the CAT assay in which a difference between the wild type and mutants was observed 1 2 3 4 5 6 1 2 3 4 5 6 only in the Rex-dependent system (Fig. 4) . Deletions in NOS also caused the loss of the capability of Rex to accumulate in the nucleolus, consistent with our previous result (6) , which was obtained with a vaccinia virus vector system and NOS-,6-galactosidase fusion proteins. The good correlation between the loss of nucleolar accumulation of Rex mutants and the loss of Rex function raises the possibility that NOS is essential for Rex to function as a signal leading Rex to its functioning place-i.e., the nucleolus. However, we cannot exclude the possibility that NOS per se is a functional domain of Rex itself.
Human immunodeficiency virus rev-encoded protein (Rev) is known to be similar to Rex in function (27) (28) (29) (30) . Moreover, Rex has been shown to functionally substitute for Rev (31) and vice versa (17) , suggesting the existence of a well conserved cellular factor with which Rex or Rev interacts. It is, therefore, possible that the process of the accumulation of gag and env mRNAs by Rex is due to a proteins(s) in the nucleolus and not to the direct interaction of Rex with the specific cis-acting elements of HTLV-I mRNA (26) . In this case, NOS may function to activate such a cellular protein(s).
Recent molecular biological studies have suggested that Rex or Rev is involved in unspliced viral mRNA transport from the nucleus to the cytoplasm rather than in the direct inhibition of splicing (4, 32, 33) . Furthermore, we have found that Rex elongates the half-life of cytoplasmic mRNA of interleukin 2 receptor (H. Kanamori, M.H., and T. Honjo, unpublished data). It is likely that the change of flow size and export rate of mRNA to the cytoplasm may affect the state of RNA, including processing, splicing, and stability. Since the nucleolus was discovered by N. Fontana in 1781, its dynamic morphological changes during the cell cycle (34) have attracted the attention of cell biologists. However, the very reason for the existence of the nucleolus remains an enigma, except that it is known to be an organelle of ribosome biogenesis (35, 36) . The nucleolus is not an isolated floating organelle in the nucleoplasm, but it is anchored to skeletal structural elements of interphase chromosomes associated with the nuclear envelope, or it is in contact with the nuclear envelope, in actively growing eukaryotic cells (7, 36) . These chromosomes contain rRNA genes (nucleolus organizer region). Recently, major nucleolar proteins, nucleolin and No38, have been shown to shuttle constantly between the nucleus and the cytoplasm, suggesting their involvement in the translocation of ribosomal components across the nuclear envelope (37) . Our study on NOS may raise the possibility that the nucleolus serves a pathway of a certain mRNA export to avoid the nucleoplasmic splicing machinery or nucleases.
